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ABSTRACT
Low-mass stars are currently the most promising targets for detecting and characterizing habitable planets in the
solar neighborhood. However, the ultraviolet (UV) radiation emitted by such stars can erode and modify planetary
atmospheres over time, drastically affecting their habitability. Thus knowledge of the UV evolution of low-mass stars is
critical for interpreting the evolutionary history of any orbiting planets. Shkolnik & Barman (2014) used photometry
from the Galaxy Evolution Explorer (GALEX) to show how UV emission evolves for early type M stars (>0.35 M).
In this paper, we extend their work to include both a larger sample of low-mass stars with known ages as well as M
stars with lower masses. We find clear evidence that mid- and late-type M stars (0.08–0.35 M) do not follow the
same UV evolutionary trend as early-Ms. Lower mass M stars retain high levels of UV activity up to field ages, with
only a factor of 4 decrease on average in GALEX NUV and FUV flux density between young (<50 Myr) and old (∼5
Gyr) stars, compared to a factor of 11 and 31 for early-Ms in NUV and FUV, respectively. We also find that the
FUV/NUV flux density ratio, which can affect the photochemistry of important planetary biosignatures, is mass and
age-dependent for early Ms, but remains relatively constant for the mid- and late-type Ms in our sample.
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21. INTRODUCTION
As the field of exoplanet exploration has evolved, low-
mass stars, or M stars, have taken a prominent posi-
tion as objects of interest. In addition to being the
most abundant stellar constituent in the galaxy (∼75%,
Bochanski et al. 2010) and commonly having terrestrial
planets in their habitable zones (HZs) (∼25%; Dress-
ing & Charbonneau 2015), M dwarfs have numerous ob-
servational advantages for both the identification and
characterization of their planets (see e.g., Shields et al.
2016), which have led to several HZ planet discoveries,
including a terrestrial planet around our closest stel-
lar neighbor, the M5.5 dwarf Proxima Cen (Anglada-
Escude´ et al. 2016), three of seven earth-sized planets
around the nearby M8 dwarf TRAPPIST-1 (Gillon et
al. 2016, Gillon et al. 2017), and LHS 1140b, a super-
earth around an M4.5 dwarf (Dittmann et al. 2017).
However, because M stars have active chromospheres
and coronae that produce high-energy radiation that
may be harmful for life, with the added complications
due to a prolonged pre-main sequence phase (e.g., Tian
& Ida 2015) and likely being tidally locked (e.g., Checlair
et al. 2017, Barnes 2017), determining the habitability
of planets orbiting M stars is not straightforward. The
stellar UV flux incident on a planet in an M star’s hab-
itable zone may hinder the development extrasolar biol-
ogy (Ranjan et al. 2017), destroy the very biosignatures
we hope to detect, or even lead to the formation of abi-
otic oxygen and ozone, producing false-positive biosig-
natures (Domagal-Goldman et al. 2014, Tian et al. 2014,
Harman et al. 2015). Thus knowledge of the UV envi-
ronments of low-mass stars over planet formation and
evolution timescales is vital to any investigation of po-
tentially habitable planets in orbit around them.
Ideally, we would be able to obtain high-resolution
UV spectra of a large sample of low-mass stars span-
ning a wide range of masses and ages. However, UV
spectroscopy is currently only possible with the Hubble
Space Telescope, which is highly competitive and would
require more orbits than available for such a sample. So
far, such observations have been limited to a relatively
modest sample (∼15) of low-mass stars (France et al.
2013, France et al. 2016, Guinan et al. 2016, Young-
blood et al. 2017). Alternatively, photometry from the
Galaxy Evolution Explorer (GALEX), which observed
approximately two-thirds of the sky with two UV bands
centered at mean wavelengths of 1516 A˚ (FUV) and 2267
A˚ (NUV)1, provides an invaluable resource for studying
1 http://galex.stsci.edu/gr6/?page=faq
the UV evolution and properties of a large sample of
low-mass stars.
There have been several studies utilizing photometry
from GALEX to probe stellar evolution, including us-
ing enhanced UV flux to identify new nearby, low-mass,
young stars (Shkolnik et al. 2011, Rodriguez et al. 2011,
Rodriguez et al. 2013, and Kastner et al. 2017), and in-
vestigating the age-activity relationship for early type
stars (A-K spectral types – Findeisen et al. 2011).
Stelzer et al. (2013) used a volume limited sample
of M stars (10 pc) to investigate correlations between
GALEX and other activity indicators (X-ray and Hα
emission) and noted a drop in UV flux between young
and old M stars. Ansdell et al. (2015) constructed a
NUV luminosity function using bright, early-type M
dwarfs from Le´pine & Gaidos (2011), and confirmed the
results of Stelzer et al. (2013) and Shkolnik & Barman
(2014) that the base NUV emission for low-mass stars
is above that expected from photospheres only. Jones &
West (2016) used a sample of M dwarfs from the Palo-
mar/MSU nearby star survey (Reid et al. 1995) and the
SDSS DR7 M dwarf spectroscopic sample (West et al.
2011) to construct a correlation between UV luminosi-
ties and Hα emission and investigate UV emission versus
galactic scale height (a proxy for age), and found a de-
crease in NUV emission with distance from the plane.
The Habitable Zones and M dwarf Activity across
Time (HAZMAT) program was initiated specifically to
determine the time-dependent habitability around low-
mass stars by using UV observations to provide the
much needed empirical constraints for the short wave-
length regions of low-mass stellar models (Shkolnik &
Barman 2014, Miles & Shkolnik 2017). Planet occur-
rence rates have been shown to increase with decreas-
ing stellar mass (Mulders et al. 2015a), and the planets
around low-mass stars are also typically smaller than
those around higher-mass stars (Mulders et al. 2015b).
Considering that the stellar mass function peaks around
M4, or ∼0.2 M at old ages (Bochanski et al. 2010),
mid-Ms may provide the most opportunities and advan-
tageous conditions for detailed characterizations of hab-
itable zone planets through atmospheric spectroscopy.
Several known systems with transiting planets orbit-
ing mid- and late-M dwarfs are already planned to be
observed with the James Webb Space Telescope (e.g.,
LHS 1140; Dittmann et al. 2017, Trappist-1; Gillon
et al. 2016, Gillon et al. 2017), and many more ex-
oplanetary systems around low-mass stars in the So-
lar neighborhood discovered with the upcoming TESS
mission (Ricker et al. 2014, Muirhead et al. 2017, Stas-
sun et al. 2017) will be prime candidates for future at-
mospheric characterization observations (Batalha et al.
32015, Cowan et al. 2015, Crossfield 2016, Crouzet et al.
2017). In this third installment of the HAZMAT series,
we extend the study of the UV environments of low-mass
stars at various ages to later spectral types. We describe
our sample selection in Section 2, GALEX photometry
in Section 3, and provide an analysis of the results of
this investigation in Section 4.
2. LOW-MASS STAR SAMPLE
We investigated young associations and clusters from
Shkolnik & Barman (2014) with confirmed low-mass
members. These included the TW Hya Association (10
± 3 Myr; Bell et al. 2015), the β Pictoris moving group
(24 ± 3 Myr; Bell et al. 2015, 26 ± 3 Myr; Nielsen
et al. 2016, 22 ± 6 Myr; Shkolnik et al. 2017), the
Tucana-Horologium moving group (45 ± 4 Myr; Bell
et al. 2015), the AB Doradus Moving Group (149+51−19;
Bell et al. 2015), the Hyades (625 ± 50 Myr; Perryman
et al. 1998)2, and objects with field ages (∼5 Gyr).
Members of the TW Hya association were taken from
the census of stellar and substellar members in Gagne´ et
al. (2017). The objects included in this study are those
labeled in Gagne´ et al. (2017) as bona fide members and
high-likelihood candidate members (>90% probability
of belonging to TW Hya). We chose not to use “can-
didate” TW Hya members from Gagne´ et al. (2017),
because, as stated in that paper, this group may suffer
from significant contamination from interlopers. For the
β Pictoris Moving Group, we use the member list from
Shkolnik et al. (2017) (all “Y” and “Y?” members from
Table 4 of that paper). Low-mass confirmed members
of the Tucana-Horologium Moving Group come from
Kraus et al. (2014). There has not yet been a dedi-
cated census of the low-mass members of the AB Do-
radus Moving Group, so the members come from mul-
tiple sources. References for these sources are provided
in Table 5. Hyades members come from Goldman et
al. (2013), which expanded the census of Ro¨ser et al.
(2011) to include more low-mass members using pho-
tometry from Pan-STARRS (Kaiser et al. 2002). For
field age objects, we use the 8 pc sample of Kirkpatrick
et al. (2012) and apply an average age of ∼5 Gyr, since
there are very few pre-main sequence stars known within
8 pc.
The same spectral types corresponds to a different
masses at different ages. We determine the correspond-
ing masses for each spectral type for each age by first
converting spectral type to effective temperature (Teff).
2 Note, however, that Brandt & Huang (2015a) and Brandt &
Huang (2015b) determine an age of 750 ± 100 Myr for the Hyades
by including rotation in stellar evolution models.
For groups older than 100 Myr, we use Table 5 of Pecaut
& Mamajek (2013) to find Teff values for each spec-
tral type from M0 to M9. For the groups younger than
100 Myr, we use Table 6 of Pecaut & Mamajek (2013),
which provides adopted Teff values for spectral types of
young stars. Note that the spectral type-Teff relations
for young stars in Pecaut & Mamajek (2013) only ex-
tend to spectral type M5. For spectral types later than
M5 for these young groups, we use the spectral type-Teff
relation created for late-M members of the TW Hya as-
sociation in Gagne´ et al. (2017). We then interpolate
the effective temperatures of group members using the
low-mass evolutionary models of Baraffe et al. (2015) to
estimate masses. Note that the models of Baraffe et al.
(2015) have discrete ages; we use the 10 Myr, 25 Myr,
40 Myr, 120 Myr, 625 Myr, and 5 Gyr model grids for
TW Hya, β Pic, Tuc-Hor, AB Dor, the Hyades, and the
field, respectively. Mass estimates for each spectral type
for each age group are given in Table 1.
In this study, we wish to compare the behavior of mid-
and late-type M stars to early-Ms, and chose the fully
convective boundary as the division between the two
samples. This limit is taken to be 0.35 M (Chabrier
& Baraffe 1997), which according to Table 1, occurs be-
tween M2 and M3 for all age groups. We take the hy-
drogen burning limit (0.08 M; Burrows et al. 1997)
as the low-mass cutoff for each age group. Taking into
consideration typical spectral type uncertainties of ±0.5
subtypes, this limit corresponds to a spectral type of
∼M5 for TW Hya, β Pic, and Tuc-Hor, M6 for AB Dor,
and M8 for the Hyades and field age stars. The mass
distribution of all stars used in this study is shown in
Figure 1.
3. GALEX PHOTOMETRY
All photometry gathered from GALEX for this paper
was found using the GalexView tool3. We used a 10.′′0
search radius and proper-motion-corrected coordinates
(to epoch 2007) for each object. We exclude all photom-
etry with photometric flags that signal a bright star win-
dow reflection, dichroic reflection, detector run proxim-
ity, or bright star ghost, as recommended in the GALEX
documentation4. We also exclude all detections with
measured magnitudes less than 15 (corresponding to 34
and 108 counts s−1 for FUV and NUV, respectively),
which marks the threshold for saturation for both the
FUV and NUV detectors (Morrissey et al. 2007). A
number of objects were found to be either unresolved in
the GALEX images, not observerd by GALEX at all, or
3 http://galex.stsci.edu/galexview/
4 http://www.galex.caltech.edu/wiki/Public:Documentation/Chapter 103
4Table 1. Spectral Type-Mass Estimates (M)a
Spectral TW Hya β Pic Tuc-Hor AB Dor Hyades Field
Type (10 Myr) (24 Myr) (45 Myr) (149 Myr) (625 Myr) (∼5 Gyr)
M0 0.59 0.62 0.60 0.51 0.53 0.53
M1 0.49 0.52 0.52 0.45 0.47 0.47
M2 0.39 0.38 0.38 0.36 0.37 0.37
M3 0.30 0.26 0.26 0.26 0.27 0.26
M4 0.15 0.14 0.14 0.15 0.16 0.16
M5 0.06 0.06 0.07 0.08 0.11 0.11
M6 0.03 0.04 0.05 0.06 0.09 0.09
M7 0.02 0.03 0.04 0.05 0.08 0.09
M8 0.02 0.02 0.03 0.04 0.07 0.08
M9 0.01 0.02 0.02 0.04 0.07 0.08
aBased on spectral type-Teff relations from Pecaut & Mamajek (2013) and Gagne´ et
al. (2017) and the models of Baraffe et al. (2015).
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Figure 1. The mass distributions of all stellar groups in this study compared to those of Shkolnik & Barman (2014). The
red histograms represent the Shkolnik & Barman (2014) sample, while the cyan histograms represent all objects in this study
observed with the GALEX NUV passband (i.e., those objects with NUV detections or upper limits).
5only had GALEX photometry flagged as unreliable in
both the FUV and NUV bands. The number of objects
in each of these categories for each age group is provided
in Table 2. The last column in this table gives the final
number of M stars used for each group.
The number of objects observed by GALEX and de-
tected in the FUV and NUV GALEX bands is given in
Table 3. The percentage of objects detected was cal-
culated for the entire sample, early-Ms (0.35–0.6 M),
and mid- to late-Ms (0.08–0.35 M). As seen in the
table, the fraction of objects detected in the NUV is
generally high for each group (>65%). The fraction of
stars detected with the FUV band drops significantly
for each group compared to NUV detections, most no-
tably for the Hyades. The drop in detections for Hyades
members is likely due to a combination of both distance
(∼47 pc; van Leeuwen 2009) and possibly the older age
of the cluster. We note that the number of detections
in most groups is mass dependent. This is more clearly
illustrated in Figure 2, which shows the fraction of stars
detected with the NUV and FUV filters as a function of
stellar mass for each group.
All GALEX NUV and FUV photometry is given in Ta-
ble 5. In some instances, GalexView will provide mul-
tiple detections for a single source, often with varying
exposure times. The magnitudes reported in Table 5
are the weighted averages of all detections and the un-
certainties are the weighted standard deviations.
If a source was observed by GALEX but not detected,
we determine an upper limit for that source by first exe-
cuting a search around that object’s position for all ob-
jects within a 10′ radius. We then perform a power-law
fit to the relationship between the signal-to-noise ratio
(S/N) and the signal of each nearby detection, exclud-
ing those objects that exceed the saturation threshold
of the detector or with photometric flags listed earlier in
this section. We then take the magnitude that a source
would have with a S/N of 2 using our power-law fit as an
upper limit. These upper limits are provided in Table
5. Note that we do not provide upper limits for sources
if they were detected in a different GALEX exposure.
Figure 1 compares the sample of objects used in this
study that were observed with the GALEX NUV pass-
band to those used for these groups in Shkolnik & Bar-
man (2014). Shkolnik & Barman (2014) originally in-
cluded TWA 31 (M4.2) in their sample of TW Hya mem-
bers, however this stars has since been shown to be a
likely nonmember (Schlieder et al. 2012a, Gagne´ et al.
2017) and is not included in this comparison. As seen in
the figure, we have significantly expanded the sample of
Shkolnik & Barman (2014), especially at lower masses.
The expansion of this sample at early types is largely
due to concerted efforts to identify more low-mass clus-
ter/group members. Note that the HAZMAT I study of
Shkolnik & Barman (2014) focused mostly on early Ms,
and thus included very few known group members with
spectral types later than M4. Since that study, there
have been many more investigations targeting and con-
firming late-M type members of young, nearby moving
groups (e.g., Gagne´ et al. 2015a, Shkolnik et al. 2017).
4. ANALYSIS
4.1. The NUV and FUV Evolution of Low-Mass Stars
To investigate GALEX FUV and NUV evolutionary
trends, we use flux density values relative to the Two
Micron All-Sky Survey (2MASS) J-band. We first con-
vert magnitudes to flux densities for GALEX data in
µJy using:
fGALEX = 10
23.9−(mGALEX)
2.5 (1)
where mGALEX is either a GALEX FUV or NUV magni-
tude. To convert 2MASS J magnitudes to flux densities
in µJy:
fJ = (1.594× 109)10
mJ
−2.5 (2)
where mJ is the 2MASS J-band magnitude. In order to
understand the evolution of the total UV flux density
applicable to exoplanet photochemistry models, we do
not subtract the contribution from a model photosphere
as in Shkolnik & Barman (2014). The contribution to
FUV and NUV flux densities by the stellar photosphere
is discussed in more detail in Section 4.4.
If one wishes to convert flux densities to flux values,
care should be taken, specifically with the choice of effec-
tive wavelengths for the GALEX FUV and NUV filters.
Determining the effective wavelength of a filter depends
on the underlying spectrum of the object being inves-
tigated. Effective wavelengths are typically determined
using the spectrum of Vega, which differs significantly
from an M dwarf spectrum (see Appendix for further
discussion).
Figures 3 and 4 show the distribution of NUV and
FUV flux density ratios for each age, split into early-
type and mid- to late-type M stars. As in Shkolnik &
Barman (2014), we see a significant amount of scatter
for each group, with ratios typically spanning 1 or 2
orders of magnitude within each age group. The NUV
distributions for early-Ms (left panel of Figure 3) display
the same trend as seen in Shkolnik & Barman (2014)
and Ansdell et al. (2015), very little change in fNUV/fJ
values up until a decrease is seen at Hyades age, and
6Table 2. Input Sample Summary
Cluster/Group Age Input Sample Not Observed Unresolved Bad Photometry Final
Members By GALEX in GALEX Flags in GALEX Number
(Myr) (#) (#) (#) (#) (#)
TW Hya 10 ± 3 40 4 14 0 22
β Pic 24 ± 3 105 0 25 5 75
Tuc-Hor 45 ± 5 118 13 0 0 105
AB Dor 149+51−19 92 19 7 4 62
Hyades 625 ± 50 450 167 2 8 283
Field ∼5000 172 41 35 5 91
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Figure 2. The fraction of objects detected with the GALEX NUV (left) and FUV (right) passbands as a function of mass for
all of the groups targeted in this study.
an even steeper decline from Hyades to field ages. The
distributions of fNUV/fJ values of lower-mass Ms (right
panel of Figure 3) have several notable differences. First,
the fNUV/fJ ratios for Hyades members are not seen to
decrease compared to younger groups. Secondly, the
distribution of fNUV/fJ values for field objects span a
much larger range than that of field early-Ms. Both of
these differences are more clearly seen in Figure 5, which
shows fNUV/fJ ratios as a function of age, and Figure 6,
which compares the median fNUV/fJ values of early-Ms
to mid- and late-Ms.
To account for the upper limits in our dataset, we
perform a survival analysis using the Kaplan-Meier es-
timator (Kaplan & Meier 1958) as implemented in the
lifelines python package (Davidson-Pilon 2016). We
treat the lowest fNUV/fJ values for each group as de-
tections to account for Efron’s bias correction (Efron
1967). The 50% values in the resulting empirical cu-
mulative distribution functions are taken as the median
values for each group, with 25% and 75% values repre-
senting the inner quartiles, which are provided in Table
4. The cumulative distribution functions for early-Ms
and mid- to late-Ms for each group are shown in Figure
7.
These values can be used to predict NUV and FUV
flux densities for other low-mass stars, or incident flux
densities on exoplanetary atmospheres for hypothetical
stars. This can be accomplished by determining the
J−band flux density of the object of interest, either
through photometry or synthetically using a model spec-
trum and the J−band spectral response curve5. Multi-
5 https://www.ipac.caltech.edu/2mass/releases/allsky/doc/sec6 4a.html
7Table 3. GALEX Detection Summary
Cluster/Group FUV FUV NUV NUV
(observed) (detected) (observed) (detected)
Entire Sample
TW Hya 20 12 (60%) 22 20 (91%)
β Pic 67 38 (57%) 73 69 (95%)
Tuc-Hor 102 55 (54%) 104 96 (92%)
AB Dor 56 41 (73%) 61 53 (87%)
Hyades 203 28 (14%) 280 186 (66%)
Field 78 54 (69%) 86 81 (94%)
Early-Ms (0.35–0.6 M)
TW Hya 6 6 (100%) 7 7 (100%)
β Pic 12 11 (92%) 13 13 (100%)
Tuc-Hor 19 18 (95%) 19 19 (100%)
AB Dor 21 20 (95%) 21 20 (95%)
Hyades 49 11 (22%) 59 53 (90%)
Field 22 17 (77%) 24 23 (96%)
Mid- to Late-Ms (0.08–0.35 M)
TW Hya 14 6 (43%) 15 13 (87%)
β Pic 55 27 (49%) 60 56 (93%)
Tuc-Hor 81 37 (46%) 85 77 (91%)
AB Dor 35 21 (60%) 40 30 (75%)
Hyades 154 17 (11%) 221 133 (60%)
Field 56 37 (66%) 62 58 (94%)
plying this J−band flux density by the appropriate flux
density ratio in Table 4 will give the NUV flux density
at the same distance as the J−band flux density mea-
surement of the star of interest.
The fNUV/fJ values for mid- and late-type field age
objects cover a large range of values. We investigated
whether or not this spread in fNUV/fJ values was spec-
tral type (or mass) dependent, and found no signifi-
cant correlation between fNUV/fJ values and mass for
field age mid- and late-type Ms. We also investigated
whether this spread is related to stellar rotation. We
can compare the potential effect of varying rotation rates
within our field sample by comparing the rotation period
distribution seen for low-mass members of the Hyades
(Douglas et al. 2016) to that of field M dwarfs seen in
Newton et al. (2017). Douglas et al. (2016) found that
nearly all Hyades stars with masses .0.3 M are rapidly
rotating, with over 80% of such stars having periods less
than 10 days and none having periods longer than 30
days. In contrast, Newton et al. (2017) gathered stellar
rotation periods for a sample of nearby M stars from
the MEarth Project (Berta et al. 2012), the majority of
which should have ages consistent with the field popula-
tion, and found a much larger spread in rotation periods
for stars with masses less than 0.35 M (see Figure 3
of that paper). Of the stars in the Newton et al. (2017)
sample with masses less than 0.35 M, ∼60% have rota-
tion periods less than 10 days while ∼33% have periods
greater than 30 days. Thus, at the age of the Hyades,
very few mid- to late-Ms have spun down while a sig-
nificant fraction of mid- to late-Ms have spun down at
field ages. However, there are still a substantial amount
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Figure 3. Stacked histograms of the GALEX NUV to 2MASS J flux density ratios for early (left) and mid- to late- (right)
objects in this sample. The red histograms represent detections, while upper limits are shown in blue. Dashed lines represent
the median values given in Table 4.
of late-M rapid rotators at field ages, with ∼33% hav-
ing periods less than 1 day. We therefore conclude that
the large range of rotation periods measured for mid- to
late-Ms in the sample of Newton et al. (2017) is a plau-
sible explanation for the large range of fNUV/fJ values
for our field age mid- to late-M sample. This effect is
not readily apparent in our early-M sample because the
majority early-Ms have spun down at field ages, with
>60% of stars with masses between 0.35 and 0.6 M in
the Newton et al. (2017) sample having rotation periods
greater than 10 days.
Lastly, the median fNUV/fJ values for field age mid-
to late-Ms is significantly higher than that of early-Ms.
To compare the survival curves of the early and mid- to
late-M samples, we use a log-rank parametric test, which
accounts for censored data and tests the null hypothesis
that two cumulative distributions have the same par-
ent distribution. The resulting p-values represent the
probability that the two populations being compared are
drawn from a single distribution. Thus, a low p-value
(<0.05) indicates that there is a >95% probability that
the differences between the population survival curves
are not due to random chance. We find that the dis-
tributions of fNUV/fJ values for mid- to late-M stars in
TW Hya, β Pic, Tuc-Hor, and AB Dor are statistically
consistent with the fNUV/fJ values for early-M dwarfs
in those groups. For the Hyades and field-age Ms, we
find p-values of 0.000 and 0.001, respectively, indicating
a significant difference in the distributions of the early-
M and mid- to late-M samples. This difference can be
seen in Figure 7, where the resulting cumulative distri-
bution functions for these groups are distinct. We find
that the median fNUV/fJ ratio decreases by a factor of
∼4 from Tuc-Hor age (∼45 Myr) to field ages for mid-
to late-Ms, compared to a decrease by a factor of ∼11
for early-Ms.
For the FUV wavelength region, the evolution of the
emission from low-mass stars is similar to that of the
NUV, with a few key differences. High-mass Ms in Fig-
ure 4 have fFUV/fJ levels that remain relatively consis-
tent until at least the age of AB Dor (149 Myr), with
a sharp drop off as field ages are reached, whereas the
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Figure 4. Stacked histograms of the GALEX FUV to 2MASS J flux density ratio for early (left) and mid- to late- (right)
objects in this sample. The red histograms represent detections, while upper limits are shown in blue. Dashed lines represent
the median values given in Table 4.
fFUV/fJ values of lower-mass Ms remain relatively con-
stant until Hyades age (625 Myr), with a much smaller
drop off toward field ages. Note, however, that the num-
ber of detected objects in the FUV in these groups is
significantly less than for the NUV, especially for the
Hyades (see Table 3).
There is a substantial difference between fFUV/fJ val-
ues of early and mid- to late-type field M stars (see
Figures 8 and 9). The median fFUV/fJ for early-Ms
decreases by a factor of ∼31 from Tuc-Hor age to field
ages, compared to a factor of ∼4 for mid- to late-Ms.
Thus, both NUV and FUV flux density measurements
indicate that mid- to late-Ms continue to remain more
active with increased UV flux density levels up until field
ages compared to early-Ms. A log-rank test comparing
the fFUV/fJ distributions of early Ms and mid- to late-
Ms again shows that the distributions for young mem-
bers of TW Hya, β Pic, Tuc-Hor, and AB Dor are not
statistically different, while the p-values for the Hyades
and field Ms are equal to zero, indicating that these
three groups have significantly different samples.
There have been numerous studies of the activity-
rotation relationships for low-mass stars showing that
more rapidly rotating stars also show higher levels of
activity (e.g., Delfosse et al. 1998, Mohanty & Basri
2003, Pizzolato et al. 2003, Kiraga & Stepien 2007, Rein-
ers & Basri 2008, Browning et al. 2010, Kraus et al.
2011, Reiners et al. 2012, West et al. 2015, Houdebine
et al. 2016, Stelzer et al. 2016, Astudillo-Defru et al.
2017, Houdebine et al. 2017, Newton et al. 2017). Re-
cent studies of the Hyades (Douglas et al. 2016) and
the similarly-aged Praesepe cluster (Douglas et al. 2017)
have shown that M stars with spectral types later than
∼M3 continue to rotate very rapidly until at least the
ages of these clusters. If the mechanism that causes M
stars to spin down as they age, typically ascribed to
a magnetized stellar wind, does not function efficiently
for fully-convective stars, then we would expect them to
remain in states of rapid rotation for much longer por-
tions of their lifetimes than early-Ms. Because activity
is directly related to rotation, this implies that mid- to
late-Ms should remain active for much of their lifetimes.
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Thus, the rotation rates of low-mass stars is likely re-
sponsible for the GALEX UV evolutionary trends that
we see.
4.2. Binarity
Another property that can increase activity levels in
low-mass stars is binarity (e.g., Morgan et al. 2012). A
recent investigation of low-mass stellar activity and ro-
tation using data from K2 showed a clear distinction
between activity levels of fast and slow rotators, where
those stars with short rotation periods are more active
(Stelzer et al. 2016). They also showed that a substantial
number (>40%) of these fast rotators are visual binaries,
compared to ∼3% for slow rotators. The increased ac-
tivity levels seen in binaries when compared to single
stars is thought to be due to spinning up through tidal
interactions or by a reduction in angular momentum
loss (Stelzer et al. 2016). Indeed, evidence that bina-
rity affects stellar rotation rates has been seen in several
nearby open clusters, including the Pleiades (Covey et
al. 2016), the Hyades (Douglas et al. 2016), and Prae-
sepe (Douglas et al. 2017). For this reason, all known
visual binaries (VB) and spectroscopic binaries (SB) are
flagged in Table 5, with references provided.
In order to investigate whether or not binarity may
be biasing any of our results, we split our sample into
stars without any evidence of binarity and known spec-
troscopic binaries or visual binaries with separations
smaller than 5′′, the FWHM of the GALEX NUV band
(Morrissey et al. 2007). Figure 10 shows a comparison
of the flux density ratios of these samples for every ob-
ject detected in the NUV. We perform a log-rank test
to compare the distributions of binaries versus the rest
of each sample and find p-values >0.2 for all groups,
consistent with both groups being drawn from the same
population. Thus the inclusion of binaries in our evolu-
tionary studies does not bias our results.
4.3. The Relationship Between GALEX FUV and
NUV For Low-Mass Stars
The FUV to NUV ratio has been suggested to be
a major factor affecting the photochemistry of the at-
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to late-type Ms (red) for all age groups. The shaded regions represent 1σ confidence intervals for each curve.
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Table 4. Median Fractional Flux Densities
Cluster/Group fFUV/fJ
a fNUV/fJ
a
Early-Ms (0.35–0.6 M)
TW Hya (10 Myr) 2.55e-05+1.65e−05−2.06e−06 1.56e-04
+2.35e−05
−2.77e−05
β Pic (24 Myr) 3.33e-05+4.24e−06−8.15e−06 1.93e-04
+4.32e−05
−3.80e−05
Tuc-Hor (45 Myr) 3.49e-05+7.02e−06−4.63e−06 1.76e-04
+1.78e−05
−3.55e−05
AB Dor (149 Myr) 3.33e-05+9.46e−06−1.22e−05 1.74e-04
+3.23e−05
−1.47e−04
Hyades (625 Myr) 6.49e-06+1.33e−05−2.46e−06
b 7.18e-05+4.18e−05−3.11e−05
Field (∼5 Gyr) 1.13e-06+5.35e−07−9.57e−07 1.62e-05+1.14e−05−5.15e−06
Late-Ms (0.08–0.35 M)
TW Hya (10 Myr) 1.85e-05+3.25e−05−1.20e−06
b 9.60e-05+3.54e−05−3.16e−05
β Pic (24 Myr) 2.71e-05+9.20e−06−1.28e−05 1.58e-04
+7.02e−05
−3.93e−05
Tuc-Hor (45 Myr) 4.00e-05+1.45e−05−2.37e−05
b 1.39e-04+6.25e−05−3.70e−05
AB Dor (149 Myr) 3.34e-05+4.26e−05−8.99e−06 1.32e-04
+7.74e−05
−5.84e−05
Hyades (625 Myr) 2.74e-05+1.70e−05−2.09e−05
b 1.09e-04+7.90e−05−4.82e−05
b
Field (∼5 Gyr) 1.06e-05+1.59e−05−1.01e−05 3.59e-05+4.10e−05−2.94e−05
aUncertainties represent inner quartiles of the cumulative distribution
functions resulting from the Kaplan-Meier estimator applied to each
group.
bNote that less than 50% of observed objects were detected for these
subsamples.
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Error bars represent inner quartiles as described in Section
4.1.
mospheres of exoplanets around low-mass stars (e.g.,
Domagal-Goldman et al. 2014, Tian et al. 2014, Har-
man et al. 2015). This ratio has been show to be more
than two orders of magnitude from solar-type dwarfs to
M dwarfs (France et al. 2013). This change can have
a significant influence on the photochemistry of planets
around low-mass stars, notably on the abundances of
molecules including CO2, O2, and O3. FUV radiation
will photolyze CO2, producing atomic oxygen which can
then combine to form O2 and eventually O3. NUV ra-
diation on the other hand will dissociate O3, and thus
O3 abundances are critically dependent on fFUV/fNUV
values. Therefore, the suggestion of O3 as a potential
biomarker (e.g., Kaltenegger et al. 2007) may not be ap-
propriate for M dwarfs. While the fFUV/fNUV ratio has
been investigated for several field age stars (France et
al. 2013, France et al. 2016), how the fFUV/fNUV ratio
changes as an M star evolves has not yet been probed.
Our sample of GALEX-detected M stars allows us
to investigate how the FUV/NUV ratio changes as a
function of both mass and age. Note that while the
FUV usually refers to the wavelength region extending
from 1100–1800A˚ which includes the most prominent
UV emission line (Lyman-α), the GALEX FUV band
extends from ∼1350–1800A˚, and thus does not include
Lyman-α. However, there are still a plethora of strong
emission lines that originate in the chromosphere and
corona of low-mass stars in the GALEX FUV passband,
such as Si IV (λ1394A˚), the C IV doublet (λ1548A˚ and
λ1551A˚), and He II (λ1640A˚), and thus the GALEX
FUV passband still probes this critical temperature re-
gion. We adopt the same nomenclature for the GALEX
FUV/NUV flux density ratio as Miles & Shkolnik (2017)
([fFUV/fNUV]G). Figure 11 shows the [fFUV/fNUV]G
values for young stars (TW Hya, β Pic, and Tuc-Hor),
AB Dor members, and field stars as a function of mass.
We do not include the Hyades because very few Hyades
members were detected in the GALEX FUV band (see
Table 3).
As with fNUV/fJ and fFUV/fJ values, we perform a
survival analysis using the Kaplan-Meier estimator to
account for the upper limits contained in our dataset.
Similar to previous studies (France et al. 2016, Miles
& Shkolnik 2017), we find an increase in [fFUV/fNUV]G
values as stellar mass decreases for field age M stars.
However, we see a clear distinction, by almost an order of
magnitude, between young and old early M-type stars.
This age difference becomes less apparent as stellar mass
decreases, and the two populations are indistinguishable
for masses less than ∼0.3 M. Thus the [fFUV/fNUV]G
flux density ratio for mid- and late-type M stars re-
mains relatively constant over their lifetimes, while this
ratio clearly evolves to lower values with age for early-
type Ms. These larger [fFUV/fNUV]G values for young,
early-Ms may have significant consequences on molecu-
lar abundances in exoplanet atmospheres at young ages.
These different evolutionary patterns should be taken
into account when modeling the atmospheres of planets
orbiting such stars.
The origin of the different [fFUV/fNUV]G evolutionary
patterns between early- and late-Ms can be deduced by
comparing the fNUV/fJ and fFUV/fJ ratios discussed
in Section 4.1 and seen in Figures 3 through 9. The
fNUV/fJ and fFUV/fJ ratios for late-type Ms decrease
by a similar amount from young to field ages, resulting in
relatively constant [fFUV/fNUV]G ratios across all ages.
For early Ms, the fFUV/fJ ratio has a steeper decrease
from young to field ages compared to the fNUV/fJ ra-
tio, resulting in an evolving [fFUV/fNUV]G ratio where
the contribution to the overall UV from the FUV band
becomes less significant as a star ages.
The UV evolutionary difference between young and
field-age Ms can also be clearly seen when comparing
absolute FUV and NUV flux densities. Using distances
for our field sample from Kirkpatrick et al. (2012) and
for young Ms (< 50 My; TW Hya, β Pic, and Tuc-Hor)
from Kraus et al. (2014), Bell et al. (2015), Gagne´ et
al. (2017), and Shkolnik et al. (2017), we can compare
the absolute flux densities for all objects in our sample
detected in both the FUV and NUV bands. Figure 12
shows a comparison of absolute flux densities for both
young and field-age Ms for objects in our sample de-
tected in both the FUV and NUV bands. While Ms of
all masses follow a single trend for young low-mass stars,
there is a clear offset between higher and lower-mass Ms
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Figure 10. Histograms of the GALEX NUV fractional flux densities for stars without evidence of binarity (red) and known
binaries (blue), where overlapping areas appear purple.
in the field sample. We perform a least-squares fit to the
data using a power law of the following form to find the
following relations between fFUV and fNUV for young
Ms:
fFUV = 0.56± 0.10(fNUV)0.88±0.03 (3)
the following two relations for higher-mass (> 0.35 M)
and lower-mass (≤ 0.35 M) field-age Ms:
fFUV = 0.09±0.03(fNUV)0.96±0.10, (M > 0.35 M) (4)
fFUV = 0.40±0.08(fNUV)0.93±0.05, (M ≤ 0.35 M) (5)
where fFUV and fNUV are flux densities at 10 pc in µJy.
Uncertainties are determined in a Monte Carlo fashion.
Note that the power law slopes are all within 1σ com-
bined, while the offsets are significantly different. A hint
of this trend was also seen in Miles & Shkolnik (2017).
These values can be used for estimating fFUV and fNUV
values for objects for which only one or the other is
available.
4.4. The Photospheric Contribution to FUV and NUV
Flux Densities
One of the primary motivations of this work is to em-
pirically inform low-mass stellar models with measured
FUV and NUV flux densities, as stellar models for M-
type stars do not include contributions from chromo-
spheres, transition regions, or coronae, though progress
is being made to include these components (Peacock et
al. 2015, Fontenla et al. 2016). Using existing low-mass
stellar evolution models, we can determine how much
emission in the GALEX FUV and NUV bands is due
solely to the photosphere of the star.
We investigate the photospheric contribution as a
function of stellar mass and stellar effective temper-
ature using the PHOENIX stellar atmosphere models
(Hauschildt et al. 1997, Short & Hauschildt 2005), the
field-age 8 pc sample, and young stars from TW Hya,
β Pic, and Tuc-Hor with measured distances. Distances
for the 8 pc sample come from Kirkpatrick et al. (2012),
while distances for young moving group members come
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Figure 12. Absolute FUV flux density versus absolute NUV flux density for young (< 50 Myr; left) and field-age (∼5 Gyr;
right) low-mass stars. Black-lines represent least-squares fits to the data. For the field-age sample, we determine separate fits
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) and lower-mass (≤ 0.35 M) Ms.
from Kraus et al. (2014), Bell et al. (2015), Gagne´ et al.
(2017), and Shkolnik et al. (2017).
Figure 13 shows the fraction of photospheric flux den-
sity to the total observed FUV and NUV flux densities
as measured by GALEX as a function of both stellar
effective temperature and stellar mass. As in Shkolnik
& Barman (2014), we find a clear trend with Teff in the
FUV for stars between 3400 K and 3800 K, where the
photospheric contribution becomes less significant with
decreasing Teff . The inclusion of lower-mass stars from
our sample shows that this trend continues for both old
and young stars down to at least temperatures of ∼2800
K, though the distinction between the young and old
samples becomes much less clear as Teff decreases. For
the NUV, we again find agreement with Shkolnik & Bar-
man (2014) in the 3400 K and 3800 K range, where
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the photospheric contribution is relatively constant for
both young and old stars. Below ∼3200 K, a range not
probed in Shkolnik & Barman (2014), we find that the
photospheric contribution drops considerably for young
and old stars, with the two population again becoming
indistinct as Teff decreases. Field age Ms in our sam-
ple with Teff ≥ 3200 K have an average NUV photo-
spheric contribution of ∼26%, while field age Ms with
Teff < 3200 K have an average photospheric contribu-
tion of only 0.7%. For the young sample, there is an
average ∼2% photospheric contribution for Teff ≥ 3200
K and 0.7% for Teff < 3200 K. Thus the contribution to
the overall flux density in the GALEX FUV and NUV
bands from the stellar photosphere becomes even less
significant for lower-mass M-type stars.
5. CONCLUSIONS
Because UV emission can have severe effects on the
compositions, and existence at all, of exoplanet atmo-
spheres orbiting low-mass stars, it is critical to know not
only the current state of UV emission from planet hosts,
but how emission evolved to its current state. Using
GALEX photometry and a large sample of nearby, low-
mass stars with know ages, we have shown that early-Ms
and mid- to late-Ms evolve very differently. Mid- to late-
Ms remain relatively active throughout their lifetimes,
with only a small UV flux density decrease from young
to old ages, whereas early-Ms have a much more signif-
icant decrease over the same age range.
GALEX photometry has been shown to correlate with
emission from the strongest FUV emission line, Lyman-
α (Shkolnik et al. 2014), which dominates the UV spec-
trum of low-mass stars (e.g., Loyd et al. 2016) and
controls the photodissociation of molecules such as O2,
H2O, CH4 (e.g., Linsky et al. 2013). Furthermore, FUV
flux has been shown to be strongly correlated to X-ray
and EUV flux (Shkolnik & Barman 2014, Mitra-Kraev
et al. 2005, France et al. 2016), which controls much of
the upper atmospheric heating of orbiting planets (e.g.,
Lammer et al. 2007, Tian 2009). Thus, the prolonged
UV activity seen for low-mass Ms, which we attribute to
different rotation rates for early-Ms and fully convective
mid- to late-Ms, can have serious consequences for the
potential habitability and the detection of such habit-
ability of Proxima Cen b (Anglada-Escude´ et al. 2016)
and LHS 1140b (Dittmann et al. 2017), and the planets
around TRAPPIST-1 (Gillon et al. 2016, Gillon et al.
2017), which orbit M5.5, M4.5, and M8 stars, respec-
tively.
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APPENDIX
A. CONVERTING GALEX FLUX DENSITIES TO FLUXES
If one wishes to convert flux density to flux (in erg cm−2 s−1), one can use the following formula:
fNUV,FUV = (fNUV,FUV)cλ
−2
eff ∆λ (A1)
where fNUV,FUV is the flux density (in µJy), c is the speed of light, λeff is the effective filter wavelength, and ∆λ is
the filter width. GALEX documentation gives λeff = 2267 A˚ and ∆λ = 732 A˚ for GALEX NUV, and λeff = 1516 A˚
and ∆λ =268 A˚ for GALEX FUV6. Note that the flux emitted from low-mass stars in these bands is primarily from
spectral lines that originate in the chromosphere and transition region of their atmospheres. For the NUV band in
particular, much of the flux comes from Fe II lines that occur in the red side of the detector bandpass. The amount
of flux from these lines, which varies for each star, could shift the λeff , affecting the resulting flux measurements.
In order to determine the effects of M dwarf spectral shapes on λeff values, we gathered UV spectra of M dwarfs from
the MUSCLES HST program (France et al. 2013, France et al. 2016). Using equation A2 of Tokunaga & Vacca (2005)
and the GALEX filter response curves7, we calculate λeff values for seven M dwarfs with spectral types ranging from
M1.5 to M5.5. We exclude the M4.5 dwarf GJ 1214 because of the low S/N of its spectrum. The results are shown in
Table A1 and Figure A1. Though the sample size is small, λeff values tend to decrease with later spectral type. While
the FUV λeff values bracket the GALEX provided λeff value, the calculated λeff values for the NUV band are clearly
distinct from the GALEX provided value. We find average λeff values for the FUV and NUV bands of 1542.8 A˚ and
2553.4 A˚, respectively.
Table 6. λeff for MUSCLES M Dwarfs
and GALEX Filters
Star Name Spectral FUV NUV
Type (A˚) (A˚)
GJ 667C M1.5 1605.2 2543.9
GJ 832 M1.5 1569.4 2612.9
GJ 176 M2.5 1553.6 2583.3
GJ 436 M3.5 1494.9 2551.2
GJ 581 M5 1503.6 2602.1
GJ 876 M5 1518.9 2528.2
GJ 551 M5.5 1553.9 2452.2
6 http://galex.stsci.edu/gr6/?page=faq
7 https://asd.gsfc.nasa.gov/archive/galex/Documents/PostLaunchResponseCurveData.html
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Figure 14. Filter profiles of the GALEX FUV (left) and NUV (right) bandpasses (arbitrarily scaled). The spectrum of the
M2.5 dwarf GJ 176 from the MUSCLES program (France et al. 2013, France et al. 2016) is overplotted for comparison purposes.
The effective wavelength provided in the GALEX documentation is show as a solid red line, while the effective wavelengths
determined for M dwarfs in the MUSCLES sample are show as blue dashed lines.
